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I.  INTRODUCTION 


The  Li/SOCla  system^*  has  the  potential  to  be  one  of  the  best  primary  batteries 
having  combined  characteristics  of  high  rate  and  high  energy  density  capability, 
long  shelf-life  and  wide  operating  temperature  range.  However,  many  of  these 
advantages  have  not  been  fully  derived.  The  operating  capabilities  of  Li/SOClz 
batteries  are  limited,  to  a  large  extent,  by  the  Teflon  bonded  porous  carbon 
electrode  commonly  used  as  a  cathode.  Cell  failure  at  high  discharge  rates  and/or 
low  operating  temperatures  has,  as  one  of  its  main  causes,  the  high  cathodic 
overpotential  resulting  from  non-uniform  current  distribution  over  the  porous 
electrode. 

The  porous  carbon  cathode,  where  the  reduction  of  SOCI2  occurs,  has  a  limited 
capacity  for  retaining  solid  lithium  chloride  as  it  precipitates  in  the  pore 
structure.  As  the  lithium  chloride  accumulates,  the  porosity  of  the  electrode 
is  reduced  to  where  mass  transport,  particularly  of  the  cathode  depolarizer,  can 
no  longer  be  maintained  at  a  rate  sufficient  to  support  the  required  current 
density.  When  this  happens,  polarization  becomes  excessive  and  denotes  the  end 
of  useful  battery  life. 

At  high  rate  discharges  and  low  operating  temperatures,  the  cathode  polarization 
problem  becomes  very  severe.  Analysis  of  the  porous  electrode  shows  that,  at 
high  rate  discharges,  only  a  small  part  of  the  available  surface  participates  in 
the  electrochemical  process. 

Cathode  polarization  and  the  reaction  zone  thickness  strongly  depend  on  electrode 
reactions,  cathode  thickness  and  composition.  Minimization  of  the  effects  of  these 
variables  on  overpotential  is  essential  in  order  for  LI/SOCI3  batteries  to  be  viable 
electrochemical  devices  for  many  of  the  high  rate/low  temperature  applications. 

The  objectives  of  this  program,  therefore,  are  to: 

•  Evaluate  the  polarization  characteristics  of  Teflon-bonded  porous 
carbon  cathodes. 

s  Improve  cathode  performance  at  high  discharge  rates  and  low  operating 
temperatures. 
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Polarization  characteristics  will  be  determined  as  a  function  of  cathode 
thickness,  composition  and  density,  applied  current  density  and  temperature 
(-40°F  to  75°F) .  Several  experimental  techniques  such  as  half-cell  measurements, 
discharge  performance  characteristics.  Impedance  measurements,  and  cyclic 
voltammetry  studies  will  be  employed  to  evaluate  the  extent  of  each  variable's 
contribution  to  the  cathode  polarization. 

Improvement  in  cathode  performance  will  be  made  by  the  use  of  electrocatalysis. 
Three  catalysts  employed  in  this  program^®^  have  shown  marked  Improvements 

A 

in  both  cell  voltage  and  cathode  capacity.  They  were  , 

Catalyst  A  =  Cobalt  Phthalocyanlne  Monomer,  CoPc 
Catalyst  B  =  Iron  Phthalocyanlne  Monomer,  FePc 
Catalyst  C  =  Polymeric  Cobalt  Phthalocyanlne,  (CoPc)^ 

(fi) 

During  the  first  quarter  of  this  program  ,  we  examined: 

a)  The  overpotential  of  cathodes  with  and  without  Catalyst  B  and  C, 
over  a  temperature  range  of  -40  to  75°F, 

b)  The  effects  of  catalysts  and  temperatures  on  cyclic  voltammograms  in 
LiAlCli^/SOClz  electrolyte  solutions. 

c)  The  effects  of  operating  temperatures  (-40  to  75°F  on  the  conductivity 
and  viscosity  of  the  electrolyte  solutions  (L1A1C1«/S0C12) • 

(7) 

During  the  second  quarter  ,  we  completed  the  overpotential  measurements  at 
-20  and  -40°F  on  our  present  baseline  cathodes  with  and  without  catalysts.  These 
cathodes  contained  5%  Teflon  binder  and  had  a  thickness  of  0.020  inch.  Further¬ 
more,  we  systematically  evaluated  the  effect  of  cathode  thickness,  amount  of 
Teflon  binder,  and  cathode  substrates  on  cathode  performance. 

During  this  reporting  period,  we  examined: 

a)  Polarization  with  respect  to  cathode  variables. 

b)  Performance  of  optimized  cathodes. 

c)  Cyclic  voltammograms  at  rotating  disc  electrodes. 

d)  AC  Impedance  measurements  of  porous  electrodes. 


*  Patents  pending 
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II.  EVALUATION  OF  CATHODE  OVERPOTENTIAL 


A.  CATHODE  PERFORMANCE  IMPROVEMENTS 


1.  Introduction 


The  effect  of  carbon  substrate,  density  and  thickness  of  porous  carbon  cathodes 

on  the  overall  performance  of  LI/SOCI2  cells  at  0°F  and  75°F  was  reported  In 

(7) 

the  second  quarterly  report  .  During  this  period,  the  effect  of  cathode 
variables  at  -20  and  -40°F  were  evaluated  using  catalyst  C  (CoPc)jj.  At  these 
temperatures,  the  FePc  catalyst  was  found  to  contribute  severe  voltage  delay. 
Nevertheless,  significant  Improvement  In  overall  performance  of  LI/SOCI2  cells 
was  still  achieved  with  this  catalyst  throughout  the  operating  temperatures  and 
discharge  current  rates  studied. 

2.  Electrochemical  Cell  Performance 


Laboratory  cells  were  built  and  tested  with  cathodes  having  several  variables. 

Low  temperature  tests  (-20  and  -40°F)  were  conducted  after  allowing  the  cells 
to  stand  at  operating  temperature  for  30-60  minutes.  Even  with  the  use  of 
distilled  thlonyl  chloride  solvent  (Mobay  Chemicals),  severe  voltage  delays  at 
discharge  rates  of  5  or  10  mA/cm^  were  observed.  To  overcome  this  problem 
and  thus  allow  catalyst  C  to  be  evaluated  for  rate  Improvement,  the  cells  were 
subjected  to  a  small  discharge  current  (0. 1  mA/cm^)  during  their  stand  time  period 

Figures  1  through  3  show  the  effect  of  cathode  thickness  and  density  (as  varied  by 
composition)  on  discharge  time.  Both  of  these  cathode  variables  affected  cell 
life.  The  Infj’icnce  on  discharge  time  by  the  cathode  variables  studied  are 
cr>-,,wT-ed  xn  Figure  4.  Even  though  discharge  time  increased  with  cathode  thickness 
the  Increase  was  not  proportional  to  the  thickness.  Therefore,  it  should  be  noted 
that  the  reaction  zone  thickness  depends  strongly  on  cathode  thickness,  discharge 
rate  and  operating  temperature.  The  lithium  chloride  deposition  in  the  carbon 
pores  might  be  creating  the  resistive  film  that  is  responsible  for  cathode  polar¬ 
ization  and  hence  cell  life. 
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Figure  3.  Effect  of  Cathode  Variables  on  Li/SOClz  Cell  Life  with  5%  (CoPc) 
Catalyzed  Cathodes  In  1.5M  LlAlClu/SOCla  nt  ~20  F 
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The  effect  of  cathode  thicknesses  on  the  overall  discharge  characteristics 
of  Ll/SOCla  cells  are  shown  In  Figures  5  through  8  for  various  cathode  com¬ 
positions.  With  Increased  Teflon  content  In  the  cathode,  the  discharge  time. 
In  general,  decreases,  but  cell  voltage  remains  constant,  within  experimental 
error,  for  each  cathode  thickness.  Catalyst  doping  (Figure  7  and  8)  can  be 
seen  to  Improve  both  cell  voltage  and  discharge  time. 

The  discharge  performance  of  Li/SOCla  at  -40°F  showed  severe  cell  polarization 
with  and  without  catalyst.  The  discharge  characteristics  were  similar  to  the 
reported  results 

B.  PERFORMANCE  OF  OPTIMIZED  CATHODES 

1.  Introduction 


The  systematic  evaluation  of  baseline  cathode  performance  since  the  start  of  this 
program  has  resulted  In  the  optimization  of  cathode (s)  for  Li/SOCla  cells.  The 
optimized  cathodes  contain  (by  weight) : 

a)  Baseline  Cathode 

•  95%  -  100%  compressed- grade  Shawinigan  acetylene  black  carbon 
substrate,  (100%  SAB). 

•  5%  -  Teflon-6  binder 

b)  Catalyzed  Cathode,  (CoPc)^ 

•  5%  -  polymeric  cobalt  phthalocyanlne 

•  90%  -  100%  SAB 

•  5%  -  Teflon-6 

c)  Catalyzed  Cathov.~e,  FePc 

•  95%  -  100  SAB 

•  5%  -  Teflon-6 

•  2-5  mg  of  FePc/cc  of  electrolyte  (both  neutral  and  acidic  electrolyte) 
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ngure  6.  Effect  of  Cathode  Thickness  on  Discharge  Performance  Characteristics  of  Ll/SOCla 
cells  with  1.5M  LlAlClit/SOCla  Electrolyte  (101  PTFE). 
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Figure  8.  Effect  of  Cathode  Thickness  on  Discharge  Characteristics  of  Ll/SOCla 
Cells  with  Catalyzed  Cathode  Containing  lOZ  Teflon  Binder  In 
1.5M  LIAICI4/SOCI2  Electrolyte. 


2. 


Laboratory  Cell  Performance 

The  laboratory  cell  design  and  the  description  of  cell  conponents  used  In  the 

evaluation  of  cathode  polarization  presented  here  have  been  described  elsewhere 

« 

Both  half-cell  measurements  and  cell  discharge  performance  were  made  on  the 
optimized  cathodes  at  75  and  32^F.  Cathode  thickness  In  all  cases  was  0.020  Inch. 

In  Figure  9,  the  polarization  characteristics  of  Ll/SOCla  cells  with  3  different 
cathodes  are  compared.  With  the  catalyzed  cathodes,  cathode  polarization  de¬ 
creased;  the  highest  catalytic  effect  was  achieved  with  FePc.  The  decrease  In 
polarization  Is  attributed  to  elementary  processes  taking  place  at  the  cathode 
(activation  polarization).  The  effect  of  FePc  doping  further  contributed  to  the 
higher  cell  limiting  current.  Therefore,  It  Is  assumed  that  the  FePc  catalyst 
not  only  enhanced  the  rate  of  electrochemical  reduction  of  thlonyl  chloride  but 
also  modified  the  reaction  mechanisms.  This  could  potentially  lead  to  a  safer 
LI/SOCI2  cell/battery. 

The  discharge  performance  of  LI/SOCI3  cells  with  and  without  catalyzed  cathodes 
contributed  to  both  high  voltage  and  longer  discharge  time,  as  shown  In  Figures 
10  through  13.  FePc  catalyzed  cathodes  showed  the  smallest  cell  voltage  loss  and 
the  longest  discharge  life.  The  cell  life  Increased  by  a  factor  of  2  over  the 
uncatalyzed  cathodes  with  FePc  at  32  and  75^¥. 
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Polarisation  Characteristics  of  Li/SOCla  Cells  at  75  F 


Figure  10.  Discharge  Characteristics  of  Ll/SOCla  Cells  at  10  mA/cm^  and  75°F. 


12.  Discharge 


13.  Discharge  Characteristics  of  Ll/SOCla  Cells  at  20  inA/cm^  and  32®F 


Ill  KINETIC  AND  MECHANISTIC  STUDIES 


The  studies  of  electrode  kinetics  are  Important  in  understanding  both  the 
intermediate  LI/SOCI2  reaction  products  and  the  reaction  mechanism  since 
these  two  Important  factors  contribute  to  battery  safety  and  performance. 

Cyclic  voltammetrlc  studies  in  l.OM  LiAlCla/SOCla  solutions  at  various 
cathode  surfaces  indicate  that  the  system  is  diffusion  controlled.  However, 
it  should  be  noted  that  the  reaction  products  which  are  strongly  adsorbed  on  the 
cathodes,  and  the  diffusion  limitations,  might  have  contributed  to  the  current 
peak  heights  in  cyclic  voltammograms.  Therefore  cyclic  voltammetrlc  studies 
were  carried  out  at  a  rotating  disc  electrode. 

Cyclic  voltammograms  were  obtained  at  a  'jlassy  carbon  electrode  (  0.458  cm^) . 

An  ASR  rotator,  manufactured  by  Pine  Instrument  Company,  was  used  to  rotate 

the  disc  electrode.  Cyclic  voltammograms  were  generated  using  PAR  electrochemistry 

system  Model  170. 


As  a  first  order  reaction  mechanism,  the  experimental  currents  in  a  rotating 
disk  study  are  related  to  the  rotation  rate  o)  (in  rpm)  by  the  equation 


i.l  +JL 

i  ijj  B/oT 


(1) 


where  Ij^  is  the  kinetic  current  and  B  is  a  constant: 

B  n-F  Cq  [o.621  (1  +  0.298  +  0.145  (2) 

where  V  ■>  kinematic  viscosity 
F  ■  The  Faraday  constant 

n  =  The  number  of  electrotis  per  mole  of  electroactive  species 
(SOCI2  in  our  case) 

Cq  “  The  concentration  of  SOCI2  in  moles/cm^ 

S  ■  v/D,  where  D  ■  diffusion  coefficient 
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•  “1/2 

Figure  14  shows  the  plots  of  vs  u)  from  the  rotating  disc  data  for  SOCla 
reduction  at  glassy  carbon  electrode  (0.458  cm^)  in  l.SM  LiAlCl^/SOClz  with 
and  without  FePc  catalyst.  At  limiting  currents,  i;e.,  peak  heights  (ip),  the 
currents  usually  correspond  to  pure  difflslon  control  for  the  SOCI2  reduction. 
However,  the  plots  indicate  that  thd  kinetic  currents  (intercepts)  contribute  to 
the  limiting  currents  at  100  mv/second  scan  rate.  Furthermore,  in  the  presence 
of  FePc  catalyst,  the  kinetic  current  contribution  to  the  limiting  currents 
increases  by  2.5  times  (from  25.24  mA/cm^  to  63.1  mA/cm^).  The  ij^  values 
decrease  with  decreasing  scan  rate  in  both  cases.  The  ip^  vs  o)  plots 

f 

from  the  rotating  disc  data  obtained  at  different  scan  rates  in  FePc  added  to 
1.5M  LIAICIR/SOCI2  electrolyte  show  (Figure  15)  decreased  kinetic  currents  with 
decreasing  scan  rate. 

From  the  slopes  of  the  straight  lines  in  Figure  14,  the  B  value  can  be  calculated. 
For  a  similar  reaction  mechanisms,  the  slopes  should  be  equal  as  the  changes  in 
the  values  of  parameter  in  equation  2  are  minimal  with  the  addition  of  FePc 
catalyst  to  the  electrolyte.  However,  in  the  presence  of  FePc  catalyst,  the  B 
value  increases  from  0.467  to  0.633.  This  increase  could  be  attributed  to  the 
modification  in  the  overall  reaction  mechanism  as  follows: 

At  baseline  cathode: 

SOCI2  +  2e  — -  2  Cl"  +  1/2  SO2  +  1/2  S  (3) 

At  FePc  catalyzed  cathode: 

SOCI2  ^  2-1/2  e  — -  2  Cl"  +  1/4  (SzO^)'^  +  1/2  S  (4) 

Plots  of  i^*  vs  u  yield  parallel  straight  lines  at  potentials  anodic  to 
the  maximum  (Figure  16),  indicative  of  a  first  order  process  on  S0Cl2>  Deviation 
from  parallel  straight  lines  at  more  anodic  potential  could  be  due  to  changes  in 
the  reaction  mechanisms.  Further  studies  are  needed  to  more  fully  understand  the 
phenomenon. 


20 


With  FePc  Catalyst 


Electrode  (6.458  cm^)  In  1.5M  L1A1,C1«/S0C12  at  Room  Temperature 
(Scan  Rate  100  mV/second) 


'  at  Different  Potentials  From  the  Rotating  Disc  Data 
Electrode  (0.458  cm^)  in  1.5M  LiAlCl4/S0Cl2  at  RT. 


IV  AC  IMPEDANCE  MEASUREMENTS 


A.  INTRODUCTION 

Physical  and  chemical  processes  caking  place  at  the  electrode  Interface 
Influence  the  overpotential  of  an  electrode  system.  There  are  three  types  of 

processes  which  contribute  to  the  total  electrode  overpotential;  they  are: 

0 

a)  activator  overpotenClal 

b)  concentration  overpotential 

c)  ohmic  overpotential 

All  three  types  of  overpotential  contribute  to  cathode  polarization  In  a 
LI/SOCI2  system.  The  magnitude  of  each  type  depends  on  the  operating  current 
density,  temperature,  electrolyte  conductivity  and  viscosity.  In  order  to 
minimize  the  overall  cathode  potential,  it  Is  important  to  understand  and 
evaluate  each  type. 

Two  non-steady  state  measurement  techniques,  galvanostatlc  single  current  pulse 
and  AC  Impedance  measurements  are  generally  used  to  determine  the  type  and  • 
magnitude  of  overpotentials.  Recent  successful  AC  impedance  measurements 
studies^** of  lithium  anodes  prompted  us  to  utilize  this  technique  for  porous 
electrode. 

Alternating  current  Impedance  measurements  are  attractive  to  kinetic  reaction 
studies,  but  the  interpretation  of  experimental  data  obtained  on  a  porous  electrode 
can  cause  substantial  complications,  especially  when  adsorption  and  desorption 
processes  are  Involved.  However,  recent  advances  in  electronics  have  enabled 
the  acquisition  of  a  complete  iiiq>edance  spectnim  within  minutes  by  the  use  of 
the  fast  Courier  transform  (FFT)  algorithm,  which  allows  Fourier  analyses  to 
be  carried  out  readily  upon  complex  input  signals. 

The  theory  of  electrochemical  lnq)edance  measurements  of  porous  electrodes  Is 
very  complex  and  will  not  be  given  here.  Basically,  a  spectrum  analyzer  determines 
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Impedance  spectra  by  noise  response  Impedance  analysis;  a  white  noise  source 
generated  by  an  analyzer  Is  delivered  to  the  cell  atid  the  current  response  Is 
subjected  to  FFT  analysis.  The  frequency  dependent  Impedance  and  phase  angle 
are  displayed  In  the  CRT  and  can  be  'recorded  easily. 

B.  EXPERIMENTAL 

AC  Impedance  data  were  obtained  at  Sandla  National  Laboratories*  using  a  Hewlett 

« 

Packard  3722A  noise  generator  and  a  PAR  Potentlostat  173. A  Hewlett-Packard  98A5T 
desk  top  computer  was  used  to  reduce  the  data.  Impedance  measurements  at  both 
steady  state  and  dynamic  conditions  were  made  over  the  frequency  range  of  0.01  Hz  to 
1000  Hz. 

The  electrochemical  cell  consisted  of  a  carbon  electrode  and  a  platinum  counter 
electrode.  Impedance  measurements  of  the  cathodes  were  made  with  and  without 
Iron  phthalocyanlne  catalyst  In  1.5M  LlAlClu/SOCla  electrolyte  (3  mg  FePc  cc  of 
electrolyte).  Initial  Impedance  e^eriments  of  baseline  porous  carbon  electrodes 
with  and  without  catalyst  revealed  that  the  electron  transfer  process  was  extremely 
slow  at  open  circuit  voltage  and  the  impedance  spectrum  had  a  very  large  diamter. 

In  order  to  minimize  problems  associated  with  high  surface  area  porous  electrodes, 
a  stress  annealed  pyrolytic  graphite  electrode  (A  ■  0.178  cm^was  used. 

C.  RESULTS 

In  Figures  17  and  18,  the  complex  liiq>edance  of  carbon  electrodes  with  and  without 
FePc  catalyst  respectively.  In  1.5M  L1A1C1<,/S0C12  electrolyte  are  given.  The 
diameter  of  the  semicircle  represents  the  Faradaic  resistance  If  the  capacitance 
value  Is  small.  For  a  diffusion  controlled  reaction,  a  straight  line  with  a  phase 
angle  of  45°  is  usually  obtained  In  the  complex  impedance.  For  a  porous  electrode 
the  phase  angle  should  be  22°. 

The  Impedance  of  carbon  electrodes  in  1.5M  LlAlClu/SOCla  with  and  without  FePc 
catalyst  shotra  a  semicircle  with  a  large  diameter.  The  diameter  decreases  with 
FePc  catalyst.  Still,  very  high  resistance  due  to  charge  transfer  process  exists, 

*  Bj^riments  were  carried  out  by  Dr,  Prank  M.  Delnlck  of  Sandla  National 
Laboratories 


25 


uhlch  Is  Indicative  of  very  alow  reaction  rates  at  open  circuit  voltage.  The 
open  circuit  potentials  vs  platinum  electrode  were  -0.322V  and  -0.511V  for 
cathodes  with  and  without  FePc  catalyst. 

Impedance  measurements  were  made  on  catalyzed  cathodes  under  dynamic  conditions. 
Figures  19  through  21  show  the  complex  impedance  at  discharge  rates  of  34,  112 
and  675  pA/cm^.  The  current  rates  remained  constant  at  34  and  112  pA/cm^ 
throughout  the  experimented  time  (30  minutes  at  each  experiment);  homver  the 
discharge  current,  675  pA/cm^  decreased  slowly  with  time  (675  pA/cm^  to  450  pA/cm^) . 
At  34  and  112  pA/cm^  discharge,  the  charge  transfer  resistance  decreased  but 
the  reaction  rates  were  still  very  slow.  At  675  pA/cm^,  the  reaction  is  coiq>letely 
diffusion  controlled  as  shown  in  Figure  21  by  a  straight  line  with  a  phase 
angle  of  42^.  Furthermore,  when  the  impedance  measurements  were  made  at  open 
circuit  voltage  after  passing  675  pA/cm^  current  for  nearly  30  minutes,  as 
shown  in  Figure  22,  the  reaction  is  still  diffusion  controlled. 


Additional  experiments  are  needed  to  understand  and  establish  various  resistances 
(ionic,  faradaic,  etc.)  which  contrilmte  to  the  cathode  overpotential. 
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Figure  17 
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Figure  18.  Impedance  of  Stress  Annealed  Pyrolytic  Graphite  Electrode 
(0.178  cm*)  in  1.5M  LiAlClu/SOCla  Electrolyte  at  75®F. 
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Figure  20.  Impedance  of  Stress  Annealed  Pyrolytic  Graphite  Electrode 
(0.178  cm^)  at  a  Discharge  Rate  of  112  yA/cm^  In  l.SM 
UAlClu/SOCla  FePc. 
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Figure  21.  Impedance  of  Stress  Annealed  Pyrolytic  Graphite  Electrode 
(0.178  cm^)  at  a  Discharge  Rate  of  675  yA/cm^  in  l.SM 
LlAlCl4«/S0Cla  +  FePc. 
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Figure  22.  Impedance  of  Stress  Annealed  Pyrolytic  Graphite  Electrode 
(0. 178  cm^)  at  Open  Circuit  Voltage  (After  30  minutes  at 
675  liA/cm^  discharge)  in  l.SM  LiAlClu/SOQa  "*■  FePc. 
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V.  SUMMARY  AND  FUTURE  WORK 


During  the  third  quarter,  cathode  optimization  with  respect  to  specified 
variables  was  completed.  Performance  evaluation  of  optimized  cathodes  at  32  and 
75**F  showed  both  catalyst  B  and  C  jPePc  and  (CoPc)||J  minimized  the  electrode 
overpotential . 

•  *1/2 

Plots  of  ip^  vs  oj  from  rotating  disc  electrode  studies  produced  parallel 
straight  lines,  indicative  of  a  first  order  reaction  mechanism.  The  slope  of 
the  straight  line  decreased  with  FePc  catalyzed  cathodes.  This  could  indicate 
a  change  in  reaction  mechanism. 

AC  Impedance  measurements  of  a  carbon  electrode  indicated  extremely  slow 
charge  transfer  and  at  high  discharge  rates,  the  rates  were  purely  diffusion 
controlled. 

During  the  last  quarter  of  the  program,  we  will  carry  out: 

s  Performance  evaluation  of  optimized  cathodes  at  0  and  -20°F. 
s  Continued  rotating  disc  electrode  studies  at  low  temperatures, 
s  Writing  of  final  report. 
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